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Thyroid Cancer After Radiotherapy for Childhood Cancer

Peter D. Inskip, scp*

Abstract. The thyroid gland in children is
among the most sensitive organs to the carcino-
genic effects of ionizing radiation, and very
young children are at especially high risk. Risk
associated with exposure to external X- or y-
radiation increases linearly with increasing dose
to the thyroid gland at low-to-moderate doses,
but the dose-response relationship appears to
flatten at the very high doses characteristic of
cancer radiotherapy. Because of the extreme
sensitivity of the thyroid gland in children, there
is a risk of radiation-induced thyroid cancer
even when the thyroid gland is outside of the
irradiated field. Increased incidence of thyroid
cancer has been noted following radiotherapy
for childhood Hodgkin disease, non-Hodgkin
lymphoma, neuroblastoma, Wilms tumor, acute
lymphocytic leukemia and tumors of the central
nervous system. Radiation-induced tumors
begin to appear 5-10 years after irradiation
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and excess risk persists for decades, perhaps for
the remainder of life. The background incidence
of thyroid cancer is two- to threefold higher
among females than males, and the absolute
increase in risk due to irradiation is higher in
females as well. Most of the thyroid cancers that
occur in association with irradiation are of the
papillary type, for which the cure rate is high if
tumors are detected early. This highlights the
importance of long-term surveillance of persons
irradiated during childhood. Important areas for
research include the possibility that children
with certain types of first cancer are especially
susceptible, the basis of the greater female
susceptibility, the joint effects of radiation and
other factors, and genetic mechanisms in radia-
tion-induced and spontaneously occurring thyr-
oid cancer. Med. Pediatr. Oncol. 36:568-573,
2001. © 2001 Wiley-Liss, Inc.

INTRODUCTION

The thyroid gland in children is well known to be
among the most sensitive organs to the carcinogenic
effects of ionizing radiation [1], so it is not surprising that
thyroid cancer is among the more common radiotherapy-
induced second cancers among survivors of childhood
cancer [2]. Excess thyroid cancer has been reported
following radiotherapy for childhood Hodgkin disease,
non-Hodgkin lymphoma, neuroblastoma, Wilms tumor,
acute lymphocytic leukemia and tumors of the central
nervous system [2—6]. Fortunately, it is also among the
most curable of cancers [7], and very few childhood
cancer survivors die of a radiation-induced thyroid cancer.
Mortality risks associated with a possible second thyroid
cancer pale in comparison with those associated with the
first primary cancer and other possible treatment induced
second cancers, such as breast, brain, lung or bone, or
leukemia. Nonetheless, 5-10% of thyroid cancers are
fatal [7]. Although concern with secondary thyroid cancer
is not a paramount consideration in the management of
childhood cancer patients, it is an important one, and an
understanding of who is at highest risk can help to guide
post-treatment surveillance.

The primary objectives for this brief review are to
identify important predictors of risk of secondary thyroid
cancer among persons with a history of radiotherapy (RT)
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for a childhood cancer and to consider the likely magni-
tude of risks attributable to radiation. Because current
understanding of radiation-induced thyroid cancer is
based, in large part, on studies of persons irradiated for
benign conditions during childhood and survivors of the
atomic bomb explosions in Japan [8—13], I will draw on
those studies here, as well as on studies of second cancers
[3,6]. The risk of thyroid cancer associated with exposure
to radioiodines, such as from medical procedures or
nuclear reactor accidents, is an important issue for radi-
ation thyroid carcinogenesis in general [14,15], but not in
the context of secondary thyroid cancer following child-
hood cancer, and is not addressed here.

HISTORICAL

Early clues to the etiologic importance of ionizing
radiation in thyroid carcinogenesis came from descrip-
tions of series of cases of thyroid cancer in children and
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adolescents, which noted high frequencies of histories of
radiotherapy to the head and neck earlier in childhood
[16-20]. These reports of case series motivated large
epidemiologic studies, which confirmed the clinical
impressions, provided quantitative information on the
level of risk associated with a given dose of radiation to
the thyroid gland, described the pattern of excess risk
over time, and identified subgroups of the population that
were particularly susceptible [e.g. 8-11,21].

In the early thyroid cancer case series, the radiother-
apy was given more often for any of a variety of benign
conditions of the head or neck than for a first malignancy.
Such treatments were very common in the United States
between 1920 and 1960 [22,23], and long-term survival
of patients irradiated for benign conditions was not
seriously compromised by their baseline illness. On the
other hand, long-term survival of childhood cancer
patients was unusual, and radiation-induced second can-
cers were uncommon. Childhood radiotherapy for benign
disease is believed to be an important contributor to the
increased incidence of thyroid cancer in the United States
between the 1930s and 1970s [24-26]. The use of radi-
ation to treat benign conditions of the head and neck was
largely discontinued by 1960, and such exposures have
receded as important causes of thyroid cancers occurring
today. On the other hand, radiation continues to be widely
used in the treatment of childhood cancer, and approxi-
mately 70% of childhood cancer patients now can be
cured through aggressive therapy [27]. In the future, most
radiotherapy-induced thyroid cancers will occur among
cancer survivors.

SPONTANEOUS AND RADIATION-INDUCED
THYROID CANCER

Thyroid cancer occurs in a variety of forms, ranging
from well-differentiated and highly curable papillary and
follicular carcinomas to poorly differentiated and rapidly
fatal anaplastic carcinoma [28] (Table I). Fortunately,
papillary carcinoma, the type with the most favorable
prognosis, is also the most common, and anaplastic
carcinoma is the least common. Papillary carcinoma
accounts for approximately 60% of cases, follicular
carcinomas for another 20%, and medullary and ana-
plastic carcinoma for 5-15%, but these percentages vary

TABLE I. Principal Types of Thyroid Cancer (Based on Ron [15])

Type® Percent Radiation-induced?  Survival
Papillary 60 ++ + Very good
Follicular 20 + Intermediate
Medullary 5-15 — Intermediate
Anaplastic 5-15 -7 Very poor

“Other, uncommon types of thyroid cancer include lymphoma and
sarcoma.

Thyroid Cancer After Radiotherapy in Childhood 569

depending on the age composition and geographic loca-
tion of the population [15]. Papillary and follicular carci-
nomas both arise from follicle cells (unlike medullary
cancer, which arises from parafollicular C cells), but they
behave very differently clinically, exhibit different epide-
miologic associations, and appear to develop through
different genetic pathways [28-32].

Papillary carcinoma is the type of thyroid cancer
usually observed to occur in excess following radiation
exposure and often accounts for 75-90% of thyroid can-
cers following high dose, childhood exposures [1,3,6,13].
Follicular cancers are also caused by radiation, though
less often, and medullary cancers have not been associ-
ated with radiation [1]. Few irradiated populations have
been followed through the range of ages when anaplastic
carcinoma tends to occur, and it would be premature to
conclude that this uncommon, but deadly, form of thyroid
cancer cannot be caused by radiation. A small fraction of
RT-induced papillary or follicular tumors might evolve
into an anaplastic cancer. Follicular cancer also occurs at
an older age, on average, than papillary cancer, and lon-
ger follow-up may reveal a stronger association between
radiation and this subtype than has been observed to date.

The background incidence rate of papillary thyroid
cancer increases with increasing age during young- and
middle-age, but then declines [33]. Incidence, is higher
among females than males, particularly at younger ages.
The female-to-male incidence ratio decreases from
approximately 5 for persons younger than 30 years to
about 1.5 for those older than 60 years [7]. An important
issue is whether the effect of radiation exposure is to add
to the baseline risk or to multiply it. The two possibilities
imply very different patterns of absolute excess risk over
time and between the sexes.

DETERMINANTS OF RISK OF RADIOGENIC
THYROID CANCER
Radiation Dose

Pooled analysis of results from studies of atomic bomb
survivors and populations irradiated for benign diseases
of the head and neck suggests that risk increases linearly
with increasing dose over a broad range of doses to the
thyroid gland, with increases seen at doses as low as 0.1
Gy [13]. The shape of the dose-response at high doses,
such as those associated with cancer radiotherapy, is not
well-defined, as sample sizes are small, but results
suggest a flattening of the dose-response relationship at
doses greater than approximately 5 Gy [3,6] (Fig. 1).
Such a flattening of the dose-response could be explained
by a balance between cytotoxic and carcinogenic effects
of ionizing radiation [3]. Very high radiation doses can
block cells’ ability to proliferate, and a cell that cannot
proliferate cannot give rise to a malignant clone. That
high radiation doses can kill, or inactivate, follicular cells
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Fig. 1. Relative risk of thyroid cancer by radiation dose to the thyroid

gland among childhood cancer survivors. Upper panel shows data
from the second cancer studies of Tucker et al. [3] and de Vathaire et al.
[6]. Reference category for Tucker et al. was dose less than 2 Gys;
relative risks likely would have been substantially higher if a true
nonexposed group had been used. Lower panel shows the same curves
as in the upper panel plotted on a different scale for relative risk and
also including a linear extrapolation of a fitted dose-response for
populations primarily exposed to much lower doses, based on results of
Ron et al. [13].

is indicated by the observation that cancer radiotherapy
often causes at least temporary hypothyroidism [23,34].
(The reference category for the analysis of Tucker et al.
[3] was dose <2 Gy, rather than 0 Gy. This influences the
magnitude of the relative risk estimates for higher doses,
but not the shape of the dose-response relationship.)

Based largely on populations exposed to low-to-
moderate doses, the absolute risk was estimated to incre-
ase by 4-5 cases per 10,000 persons per year, for each Gy
of radiation dose to the thyroid gland, and the relative risk
by 7.7 per Gy [13]. Among childhood cancer survivors,
the average excess absolute risk probably is closer to 0.4
cases per 10* PY-Gy, and the excess RR per Gy closer
to 1.1 per Gy [3,13,14]. This would imply an expectation
of approximately 200 radiogenic thyroid cancers among
10,000 children who received thyroid doses of 20 Gy and
were followed for 25 years.

The limited available data concerning the effects
of dose fractionation suggest that fractionation lessens
the risk relative to acute exposure, but not dramatically
[13].

TABLE II. Excess Relative Risk (RR) of Thyroid Cancer by Age at
Time of Irradiation Among Atomic Bomb Survivors (Modified
After Thompson et al. [12])

Excess RR (per Gy)

Age at Exposure (years) Females Males
0-9 9.5 9.4
10-19 3.1 2.6
20-39 0.4 —-0.2
>40 -0.2 —-0.2

Age at Time of Irradiation

Age at the time of irradiation is as good, if not better,
an indicator of the risk of radiation-induced thyroid
cancer as radiation dose [35,36], particularly in the
context of radiotherapy for pediatric cancer. Studies of
the atomic bomb survivors, one of the few populations for
which it is possible to assess radiation risks over a wide
range of ages at exposure, show a striking decrease in
radiation risk estimates with increasing age at exposure
(Table II) [12]. In this population, there is no evidence of
radiogenic thyroid cancer among persons who were older
than 20-39 years at the time the bombs were dropped.
Similarly, the risk of radiogenic thyroid cancer was
higher among children and adolescents treated for
Hodgkin disease than it was for adults [3,37,38]. An
inverse association between susceptibility and age at
exposure is apparent even among children, and children
younger than 5 years are particularly sensitive [8,39].

The inverse association between age at irradiation and
thyroid cancer risk probably reflects age-related changes
in cell proliferation within the thyroid gland [40]. Poten-
tially mutagenic exposures to actively dividing cells, or
cells with an active growth phase still ahead of them, may
carry greater risk than when the cells have completed
their growth phase [40].

Time Since Irradiation

Thyroid cancers caused by exposure to external X- or
v-radiation typically begin to appear about 5-10 years
after exposure [1,13,14]. The relative excess typically
reaches a maximum between 10 and 20 years after
exposure and then declines, whereas the absolute excess
remains elevated [13,14]. Excess risk is still apparent in
populations after 30-50 years [13,14] and may well
persist for life. There is no evidence of a window of
time after which a person irradiated in childhood can
be assumed to have the same risk as a nonirradiated
person of the same age and sex. Radiogenic thyroid
cancers typically do not appear until after children have
reached puberty [1,16]. The interval between exposure
and diagnosis of a thyroid cancer is influenced by the level



of medical surveillance. Screening of asymptomatic
persons will, of course, lead to earlier diagnosis.

Sex

The incidence rate of thyroid cancer is approximately
three times as high in females as in males [7,33]. If a
given dose of radiation increases the risk of thyroid
cancer by the same relative amount in males and females,
this would imply a threefold greater absolute risk asso-
ciated with radiotherapy in females. Although different
patterns have been observed in different populations, the
balance of the evidence is consistent with the view that
the absolute risk is indeed higher in females [1,13].

Type of First Cancer

The risk of radiation-induced, secondary thyroid
cancer would be expected to vary among different types
of childhood cancer based on differences in average age
at diagnosis and degree of thyroid exposure alone. For
example, neuroblastoma and Wilms tumor, which tend
to occur at younger ages than other types of childhood
cancer, were associated with higher absolute risks (per
Gy) of radiation-induced thyroid cancer than either
Hodgkin disease or non-Hodgkin lymphoma (NHL) [3]
(Table III). It is possible that cell-killing associated with
the higher thyroid doses from lymphoma treatments also
contributed to these differences.

Whether the type of first childhood cancer might serve
as a marker of susceptibility to radiogenic or spontaneous
thyroid cancer beyond any difference that can be
explained by dose or age at diagnosis (irradiation), is
not clear. Such shared susceptibility might arise if thyroid
cancer and a particular type of childhood cancer have
genetic or environmental causes in common [41]. In one
study of childhood cancer survivors, dose-response ana-
lysis for secondary thyroid cancer indicated a higher risk
of thyroid cancer for any given thyroid dose among
persons with a first neuroblastoma than in persons with
a first cancer of another type (Table IV) [6,41,42].
However, this finding has not been replicated [43], so a
degree of caution in interpretation is warranted. The
analysis of deVathaire et al. [6] took age at diagnosis of

Thyroid Cancer After Radiotherapy in Childhood 571
TABLE IV. Relative Risk (RR) of Second Thyroid Cancer, by Type
of First Childhood Cancer and Radiation Dose to the Thyroid
Gland (From deVathaire et al. [6])

RR? (no. cases)
dose to thyroid gland (Gy)

Type of first cancer <5 >5
Neuroblastoma 160 (3) 1,532 (2)
Other type 11 (2) 157 (7)

#Standardized incidence ratio, based on general population comparison.

the first cancer into account, but lack of overlap in the age
at exposure and thyroid dose distributions for different
types of first cancer can make it difficult to dissociate the
effects of dose, age at exposure, and other determinants
of susceptibility.

Other Factors

The thyroid gland is under the feedback control of the
hypothalamus and anterior pituitary gland, and disruption
of this axis due to any of a variety of endogenous or
exogenous causes might influence the risk of thyroid
tumors [44]. If serum levels of the thyroid hormones
tritodothyronine (T3) and thyroxine (T4) drop too low,
the hypothalamus signals the pituitary to release thyroid
stimulating hormone (TSH), which stimulates prolifera-
tion of follicular cells in the thyroid gland. Any factor that
contributes to low blood levels of thyroid hormones, such
as iodide deficiency or goitrogens in the diet, or otherwise
leads to the release of TSH from the pituitary, can stimu-
late cell division in the thyroid gland. Such stimulation
could potentiate effects of irradiation by leading to the
expression of radiation-induced DNA damage that would
otherwise remain quiescent [40]. However, iodine defi-
ciency and goitrogens have been linked more closely with
increased incidence of follicular carcinoma than papillary
carcinoma [15,29], whereas papillary cancer is the type
most strongly linked to radiation.

The female predominance of thyroid cancer points to a
likely role for hormonal or other reproductive factors.
Whether such factors might also modify risks associated
with exposure to radiation is unclear [14]. The study of
interaction typically requires large sample sizes.

TABLE III. Absolute Excess Risk of Radiotherapy-Induced Thyroid Cancer by Type of First
Childhood Cancer (Modified After Tucker et al. [3])

Number of Mean age at Thyroid  Thyroid Excess risk
Type of first cancer patients diagnosis (years)® dose (Gy) cancers (per 10 PY-Gy)
Neuroblastoma 790 2 6.6 7 2.1
Wilms Tumor 1,248 3 3.1 4 1.6
Hodgkin disease 1,036 11 31.0 5 0.3
non-Hodgkin lymphoma 422 9 24.0 2 0.3

“Age at diagnosis of first cancer.
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To date, neither alkylating agents nor other cytotoxic
drugs have been implicated in the occurrence of second-
ary thyroid cancers, and there is little or no evidence of
synergistic effects of chemotherapy with radiotherapy.

INFLUENCE OF SCREENING

The apparent incidence of thyroid cancer is influenced
by the aggressiveness of case-finding. Papillary thyroid
cancer often is asymptomatic, and the probability and
timing of detection of ““occult” tumors depends on the
level of medical surveillance [12,13,45]. This may
contribute to the very large relative risks for thyroid
cancer reported when cancer patients or other irradiated
populations under close medical surveillance are con-
trasted with the experience of a general population not
subjected to equally close diagnostic effort.

The realization that people given head or neck
radiotherapy during childhood were at increased risk
of thyroid cancer led to large-scale thyroid screening
of asymptomatic populations known to have a history of
radiotherapy to the neck region [45]. This screening
identified large numbers of occult thyroid tumors [45].
The apparent absolute risk due to radiotherapy was
higher in a screened population than in an unscreened
population [13]. However, the slope of the relationship
between the excess relative risk of thyroid cancer and
radiation dose was similar before and after the screening,
which suggests that radiation causes both clinical and
subclinical, thyroid tumors [10]. Similarly, twofold high-
er incidence rates of thyroid cancer were observed among
atomic bomb survivors who came to a clinic for free,
biannual physical examinations than for those who did
not participate in this program [12,13].

The proper clinical management of asymptomatic
patients found to have small thyroid tumors or nodules
has long been a controversial issue [46,47]. At a mini-
mum, such patients need to be followed closely [23,47].
There is little evidence that radiation-induced papillary
thyroid cancers behave differently clinically than sponta-
neous tumors [22,47].

CHANGES IN RADIOTHERAPY FOR
PEDIATRIC CANCER

Clinical trials have demonstrated that treatment out-
comes for many childhood cancers are not compromised
by the use of lower-dose radiotherapy regimens, or even
by the exclusion of radiotherapy altogether [48—-50]. This,
together with appreciation of the adverse long-term side
effects of radiotherapy during childhood, has led to the
curtailment or elimination of radiotherapy in many
instances, including that for Hodgkin disease, non-
Hodgkin lymphoma, acute lymphocytic leukemia, and
Wilms tumor. Current practice less often involves high
radiation doses given in large fractions to extended fields,

and cranial radiotherapy often is deferred, if possible,
until children are at least 3 years old [48,50]. One would
expect the risk of secondary thyroid cancer associated
with current treatments to be somewhat lower than
for treatments of previous decades. However, children
irradiated under earlier treatment regimens will remain at
risk of second cancer for years to come.

SUMMARY

Secondary thyroid cancer is an important, but manage-
able, delayed effect of radiotherapy for childhood cancer.
The usual type of radiation-induced thyroid cancer is
papillary carcinoma, and such tumors do not appear to
differ clinically from spontaneously occurring papillary
cancers diagnosed at the same age. If detected early, most
cases can be cured, and mortality risks are low compared
to those associated with an ineffectively treated primary
cancer. The risk of thyroid cancer increases with increa-
sing radiation dose, but at a decelerating rate for doses in
excess of approximately 5 Gy. Risk appears to be less
sensitive to variation in dose at high doses, and age at
irradiation for the first cancer may be a stronger deter-
minant of risk. Infants and young children are at espe-
cially high risk of radiogenic thyroid cancer, and females
are at higher risk than males. The excess risk typically
first appears 5-10 years after radiotherapy and, for
clinical purposes, should be assumed to persist for the
remainder of life among persons with intact thyroid
glands. Whether patients with certain types of childhood
cancer are at particularly high risk of secondary, radi-
ation-induced thyroid cancer, beyond that explainable in
terms of age, sex or radiation dose, is an open question.
With ongoing advances in research into the roles of
specific oncogenes and growth factors in thyroid carcino-
genesis, prospects appear favorable for improved under-
standing of the mechanistic basis of these epidemiologic
associations.

REFERENCES

1. National Research Council, Committee on the Biological Effects
of Ionizing Radiations. Health effects of exposure to low levels of
ionizing radiation. BEIR V Report. Washington:National Acad-
emy Press; 1990. 421 p.

2. Tucker MA, Meadows AT, Boice JD Jr, et al. Cancer risk
following treatment of childhood cancer. In: Boice JD Ir,
Fraumeni JF Jr, editors. Radiation carcinogenesis: epidemiology
and biological significance. New York: Raven Press, 1984;
p 211-224.

3. Tucker MA, Morris Jones PH, Boice JD Jr, et al. Therapeutic
irradiation at a young age is linked to secondary thyroid cancer.
Cancer Res 1991;51:2885-2888.

4. Neglia JP, Meadows AT, Robison LI, et al. Second neoplasms
after acute lymphoblastic leukemia in childhood. N Engl J Med
1991;325:1330-1336.

5. Goldstein AM, Yuen J, Tucker MA. Second cancers after
medulloblastoma: population-based results from the United States
and Sweden. Cancer Causes Control 1997;8:865-871.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. de Vathaire F, Hardiman C, Shamsaldin A, et al. Thyroid car-

cinomas after irradiation for a first cancer during childhood. Arch
Intern Med 1999;159:2713-2719.

. Miller BA, Ron E. Thyroid. In: Miller BA, Ries LAG, Hankey BF,

et al. editors. SEER cancer statistics review: 1973-1990.
Bethesda: National Cancer Institute. NIH Pub. No. 93-2789;
1993. p xxv.1-xxv.15

. Ron E, Modan B, Preston DL, et al. Thyroid neoplasia following

low-dose radiation in childhood. Radiat Res 1989;120:516-531.

. Pottern LM, Kaplan MM, Larsen PR, et al. Thyroid nodularity

after irradiation for lymphoid hyperplasia: A comparison of
questionnaire and clinical findings. J Clin Epidemiol 1990;43:
449-460.

Schneider AB, Ron E, Lubin J, et al. Dose-response relationships
for radiation-induced thyroid cancer and thyroid nodules:
Evidence for the prolonged effects of radiation on the thyroid. J
Clin Endocrinol Metab 1993;77:362-3609.

Shore RE, Hildreth N, Dvoretsky P, et al. Thyroid cancer among
persons given X-ray treatment in infancy for an enlarged thymus
gland. Am J Epidemiol 1993;137:1068-1080.

Thompson DE, Mabuchi K, Ron E, et al. Cancer incidence in
atomic bomb survivors. Part II: Solid tumors, 1958—1987. Radiat
Res 1994;137:S17-S67.

Ron E, Lubin JH, Shore RE, et al. Thyroid cancer after exposure
to external radiation: A pooled analysis of seven studies. Radiat
Res 1995;141:259-277.

Shore RE. Issues and epidemiological evidence regarding
radiation-induced thyroid cancer. Radiat Res 1992;131:98-111.
Ron E. Thyroid cancer. In: Schottenfeld D, Fraumeni JF Jr,
editors. Cancer epidemiology and prevention. New York: Oxford
University Press; 1996. p 1000-1021.

Duffy BJ, Fitzgerald PJ. Cancer of the thyroid in children: A
report of 28 cases. J Clin Endocrinol Metab 1950;10:1296-1308.
Clark DE. Association of irradiation and cancer of the thyroid in
children and adolescents. JAMA 1955;159:1007-1009.

Winship TG, Rosvoll R. Childhood thyroid carcinoma. Cancer
1961;14:734-743.

DeGroot L, Paloyan E. Thyroid carcinoma and radiation: A
Chicago endemic. JAMA 1973;225:487-491.

Mazzaferri EL, Young RL, Oertel JE, et al. Papillary thyroid
carcinoma: The impact of therapy in 576 patients. Medicine
1977;56:171-196.

Hempelmann LH, Pifer JW, Burke GJ, et al. Neoplasms in persons
treated with X-rays in infancy for thymic enlargement. A report of
the third follow-up study. J Natl Cancer Inst 1967;38:17—41.
Winship T, Rosvoll RV. Thyroid carcinoma in childhood: Final
report on a 20 year study. Clin Proc Child Hosp Dist Columbia
1970;26:327-348.

Barnes ND. Effects of external irradiation on the thyroid gland in
childhood. Horm Res 1988;30:84-89.

Pottern LM, Stone BJ, Day NE, et al. Thyroid cancer in Con-
necticut, 1935-1975: an analysis by cell type. Am J Epidemiol
1980;112:764-774.

Ron E, Kleinerman RA, Boice JD Jr, et al. A population-based
case-control study of thyroid cancer. INCI 1987;79:1-12.
Devesa SS, Silverman DT, Young JL, et al. Cancer incidence and
mortality trends among whites in the United States, 1947-84. J
Natl Cancer Inst 1987;79:701-770

Friedman DL, Meadows AT. Pediatric tumors. In: Neugut Al,
Meadows AT, Robinson E, editors. Multiple primary tumors.
Philadelphia: Lippincott Williams & Wilkins; 1999. p 235-256.

Thyroid Cancer After Radiotherapy in Childhood
28.
29.
30.
31.

32.

33.

34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

573

Robbins SL, Cotran RS, Kumar V. Pathologic basis of disease, 3rd
Edition. Philadelphia:W.B. Saunders Company; 1984. 1467 p.
Williams ED, Doniach I, Bjarnason O, Michie W. Thyroid cancer
in an iodide rich area. Cancer 1977;39:215-222.

Fagin JA. Molecular genetics of human thyroid neoplasms. Annu
Rev Med 1994;45:45-52.

Williams ED. Mechanisms and pathogenesis of thyroid cancer in
animals and man. Mutat Res 1995;333:123-129.

Rabes HM, Klugbauer S. Molecular genetics of childhood papil-
lary thyroid carcinomas after irradiation: High percentage of RET
rearrangement. Recent Results Cancer Res 1998;154:248-264.
Parkin DM, Whelan SL, Ferlay J, et al., editors. Cancer incidence
in five continents, Vol. VII. IARC Scientific Publication No. 43;
Lyon: IARC; 1997.

Hancock SL, Cox RS, McDougall IE. Thyroid diseases after
treatment of Hodgkin’s disease. N Engl J Med 1991;325:599-605.
Boice JD Jr. Radiation and thyroid cancer: what more can be
learned? Acta Oncol 1998;37:321-324.

Hall P, Holm LE. Radiation-associated thyroid cancer—facts and
fiction. Acta Oncol 1998;37:325-330.

Tucker MA, Coleman CN, Cox RS, et al. Risk of second cancers
after treatment for Hodgkin’s disease. N Engl J Med
1988;318:76-81.

Swerdlow AJ, Barber JA, Vaughan Hudson G, et al. Risk of
second malignancy after Hodgkin’s disease in a collaborative
British cohort: The relation to age at treatment. J Clin Oncol
2000;18:498-509.

Ron E, Modan B. Thyroid and other neoplasms following
childhood scalp irradiation. In: Boice JD Jr, Fraumeni JF Jr,
editors. Radiation carcinogenesis: Epidemiology and biological
significance. New York: Raven Press; 1984. p 139-151.
Williams ED. Radiation-induced thyroid cancer. Histopathology
1993;23:387-389.

de Vathaire F, Francois P, Schlumberger M, et al. Epidemiological
evidence for a common mechanism for neuroblastoma and
differentiated thyroid tumour. Br J Cancer 1992;65:425-428.

de Vathaire F, Francois P, Schweisguth O, et al. Irradiated
neuroblastoma in childhood as potential risk factor for subsequent
thyroid tumour. Lancet 1988;2:455.

Hawkins MM, Kingston JE. Malignant thyroid tumours following
childhood cancer. Lancet 1988;2:804.

Hard GC. Recent developments in the investigation of thyroid
regulation and thyroid carcinogenesis. Environ Health Perspect
1998;106:427-436.

Ron E, Lubin J, Schneider AB. Thyroid cancer incidence. Nature
1992;360:113.

Stockwell RM, Barry M, Davidoff F. Managing thyroid abnorm-
alities in adults exposed to upper body irradiation in childhood: A
decision analysis. Should patients without palpable nodules be
scanned and those with scan defects be subjected to subtotal
thyroidectomy? J Clin Endocrinol Metab 1984;58:804-812.
Schneider AE, Recant W, Pinsky SM, et al. Radiation-induced
thyroid carcinoma. Clinical course and results of therapy in 296
patients. Ann Int Med 1986;105:405—412.

Kalapurakal JR, Thomas PR. Pediatric radiotherapy. An over-
view. Radiol Clin North Am 1997;35:1265-1280.

Link MP, Shuster JJ, Donaldson SS, et al. Treatment of children
and young adults with early-stage non-Hodgkin’s lymphoma. N
Engl J Med 1997;337:1259-1266.

Donaldson SS. Hodgkin’s disease—finding the balance between
cure and late effects. Cancer J Sci Am 1999;5:325-333.



